We have defined the optimal binding sites for Stat5a and Stat5b homodimers and found that they share similar core TTC(T/C)N(G/A)GAA interferon gamma-activated sequence (GAS) motifs. Stat5a tetramers can bind to tandemly linked GAS motifs, but the binding site selection revealed that tetrameric binding also can be seen with a wide range of nonconsensus motifs, which in many cases did not allow Stat5a binding as a dimer. This indicates a greater degree of flexibility in the DNA sequences that allow binding of Stat5a tetramers than dimers. Indeed, in an oligonucleotide that could bind both dimers and tetramers, it was possible to design mutants that affected dimer binding without affecting tetramer binding. A spacing of 6 bp between the GAS sites was most frequently selected, demonstrating that this distance is favorable for Stat5a tetramer binding. These data provide insights into tetramer formation by Stat5a and indicate that the repertoire of potential binding sites for this transcription factor is broader than expected.
Signal transducers and activators of transcription (STAT proteins) are latent transcription factors located in the cytosol of resting cells (8) . Following stimulation with cytokines or growth factors, these proteins are rapidly tyrosine phosphorylated, allowing them to dimerize and translocate to the nucleus, where they bind to target genes. To date, seven mammalian STAT proteins have been identified. While Stat2 is activated by alpha/beta interferon, Stat4 by interleukin-12 (IL-12), and Stat6 by IL-4-IL-13, Stat1, Stat3, Stat5a, and Stat5b are activated by a wider range of stimuli (8, 13, 17) .
Human Stat5a and Stat5b proteins are 91% identical at the amino acid level and are encoded by two closely linked genes located on chromosome 17q11.2 (12, 19, 31) . Stat5 proteins can be activated by multiple cytokines and growth factors including prolactin, growth hormone, IL-2, IL-7, IL-9, IL-15, IL-3, granulocyte-macrophage colony-stimulating factor, IL-5, erythropoietin, and thrombopoietin (reviewed in reference 17). Stat5a Ϫ/Ϫ , Stat5b Ϫ/Ϫ , and Stat5a Ϫ/Ϫ Stat5b Ϫ/Ϫ mice have been generated. Whereas Stat5a Ϫ/Ϫ mice have defective mammary gland development and lactogenesis due to defective prolactin signaling (21) , Stat5b Ϫ/Ϫ mice exhibit a loss of sexually dimorphic growth due to defective growth hormone signaling (34) . The analysis of Stat5a Ϫ/Ϫ Stat5b Ϫ/Ϫ mice has shown more severe defects associated with prolactin and growth hormone (32) , as well as defects in fetal erythropoiesis (31a) . In the immune system, both Stat5a Ϫ/Ϫ and Stat5b
Ϫ/Ϫ mice exhibit decreased IL-2-induced IL-2R␣ expression (14, 27) ; however, high doses of IL-2 can overcome defective IL-
2-induced proliferation in Stat5a
Ϫ/Ϫ mice but not in Stat5b
mice. Moreover, Stat5b Ϫ/Ϫ mice have a greater defect in their natural killer (NK) cell function (14) . Finally, mice lacking expression of both Stat5a and Stat5b have a greater immunological defect than seen in either alone, both in terms of T-cell proliferation and in the development of NK cells (25) . Thus, Stat5a and Stat5b appear to have both overlapping and distinctive functions.
Most STATs bind to GAS (IFN-␥-activated sequence) motifs, with a consensus TTCN m GAA, with m ϭ 4 for Stat6 and m ϭ 3 for the optimal binding of other STATs (11, 30, 39) . However, differences in the fine DNA binding specificities for the various STAT proteins were shown to depend on the sequence of nucleotides in the GAS element as well as of those immediately adjacent to it (reviewed in reference 9). An added complexity related to STAT binding properties can occur based on the ability of STATs to bind to DNA as higher-order complexes occurring through N-terminal interactions between adjacent dimers (15, 23, 36, 37, 39) . Tetramer formation can stabilize the binding of STAT dimers to two tandem lowaffinity sites by decreasing the off-rate of the complex (15, 36, 37) . Moreover, such oligomerization of STAT proteins has been suggested to contribute to their DNA binding specificity (39) .
Since different STATs activate nonidentical sets of genes, one mechanism contributing to this selectivity is their differential DNA binding specificities. Therefore, we determined the optimal binding sites for Stat5a and Stat5b to evaluate if any binding differences were found for these highly homologous proteins. In so doing, we have established the consensus sequences for optimal binding of Stat5a and Stat5b homodimers and found that they are very similar. We have also identified sequences that efficiently bound Stat5a tetramers, providing new insights into the DNA sequence requirements for Stat5a dimer versus tetramer formation.
MATERIALS AND METHODS
Expression and purification of recombinant Stat5 proteins. The production and purification of Stat5a, Stat5b, and Stat5aW37A in baculovirus-infected insect cells were previously described (15) . The Stat5aY694F mutant was generated from the Stat5a-encoding transfer vector by using the MORPH Site-Specific Plasmid DNA Mutagenesis Kit (5Ј-3Ј, Inc.). Immunoblotting was performed with a pan-Stat5 antibody (Transduction Labs), Stat5a-or Stat5b-specific antisera (19) , or the PY20 antiphosphotyrosine monoclonal antibody mAb (Santa Cruz Biotechnology). The purity of protein preparations was evaluated by silver staining (SilverXpress; Novex).
DNA binding site selection. Optimal Stat5a and Stat5b binding sites were selected according to the method of Pollock and Treisman (29) except that the pool of double-stranded oligonucleotides (R76) had the following sequence: 5Ј-CAGGTCAGTATAGCGGATCCTGTCGN 26 GAGGCCACTCGAGTGCA ACTGCAGC-3Ј (top strand; BamHI and XhoI sites are underlined; N 26 corresponds to nucleotides where all four bases were randomized). Approximately 300 ng of purified recombinant Stat5a, Stat5b, and Stat5aY694F were used for binding reactions. Antisera specific for human Stat5a or Stat5b (19) were used to immunoprecipitate DNA-protein complexes. A binding site selection was previously performed for Stat6 (30) .
Electrophoretic mobility shift assays (EMSAs). In some cases, probes were prepared by PCR labeling of oligonucleotides containing flanking sequences (using forward primer 5Ј-TAGTGGATCCTGTGG-3Ј and reverse primer 5Ј-C CCTCGAGTGGCCTC-3Ј); certain mutant oligonucleotides (e.g., 947M4) contained changes in the 3Ј flank, and in these cases the reverse primer was 5Ј-CC CTCGAGTGGCCGA-3Ј. Each flanking primer used for PCR amplification inadvertently contained a single nucleotide change from the R76 sequence. Two picograms of each relevant oligonucleotide were amplified in PCR buffer containing 10 mM dGTP, dATP, and dTTP, 80 M dCTP, 80 ng of each primer, and Taq polymerase and labeled with 0.5 l of [␣-
32 P]dCTP, in a 20-l total reaction volume for five cycles of 45 s at 94°C, 45 s at 40°C with the RAMP set to 5.00, and 45 s at 72°C. This was followed by 25 cycles of 30 s at 94°C, 30 s at 40°C, and 30 s at 72°C. PCR products were run on 8% polyacrylamide gels, and the bands were excised and purified. In other cases, oligonucleotides corresponding to both strands were synthesized with XmaI and BglII ends, annealed, end labeled with [␣-32 P]dCTP by using Klenow fill-in (New England Biolabs), and gel purified. Purified Stat5 proteins (150 ng unless otherwise stated) were incubated on ice with 1.34 g of poly(dI-dC) in binding buffer (20 mM Tris-HCl, pH 7.5; 20 mM HEPES, pH 7.9; 400 mM KCl; 1 mM EDTA; 1 mM dithiothreitol, 1 mM AEBSF; 1 mM Na 3 VO 4 ; 10 mM NaF; and 1 g of bovine serum albumin per ml) for 15 min before addition of 40,000 cpm (corresponding to 0.2 to 0.6 ng) of probe. Reaction mixtures (20 l) were incubated on ice for another 15 min and then resolved on 6% nondenaturing polyacrylamide gels (59:1 acrylamide-bisacrylamide).
Methylation interference assays. Oligonucleotides were cloned in pGL3 basic (Promega Corp.) between the XmaI and BglII sites. Plasmids were linearized at either end with XmaI or BglII and end labeled with [␣-
32 P]dGTP and [␣-32 P]dCTP (both Ͼ3,000 Ci/mmol; Amersham) by a fill-in reaction with Klenow enzyme. Probes were released by a second digestion with XmaI or BglII, as appropriate, and purified on nondenaturing polyacrylamide gels. Then, 2 ϫ 10 6 cpm of probe and 0.6 to 3 g of Stat5a protein or an equivalent amount of Stat5aW37A were used in each binding reaction. Methylation interference assays were performed as described earlier (2) .
Molecular modeling of Stat5. The best alignment between the amino acid sequences of human Stat5a, Stat5b, and the other five known STAT proteins was obtained by using the Needleman-Wunsch algorithm (28) implemented in Look version 3 (Molecular Application Group, Palo Alto, Calif.). Importantly, Stat1 and Stat5 showed marked amino acid sequence conservation, with 37% identity in a sequence alignment and the preservation of a number of residues throughout all of the STAT protein sequences examined. We therefore built molecular homology models of Stat5a and Stat5b based on the high-resolution (2.9 Å) structure of Stat1/DNA complex (7; see also http://www.rockefeller.edu/ kuriyan/). An alignment analysis revealed several regions that markedly differ between Stat5a/Stat5b and Stat1, such as the segment between ␤1 and ␤2 and the ␤4/␣5/␤5 region (see Fig. 1B ). However, homology modeling of both Stat5a and Stat5b could be performed with Segment Match Modeling (SegMod; also implemented in Look version 3), which uses both the backbone and side chains of fragments to model a complete system in one step. The average of 10 independent models was minimized by using the molecular mechanics program ENCAD (18) until convergence was reached, as judged by root mean square of the energy gradient (average derivative of Ͻ0.1 kcal/mol/Å). The quality of the model was assessed with PROCHECK (16) by using comparison values typical for a 2.0-Å resolution X-ray structure. After the homology modeling, DNA-Stat5a and DNA-Stat5b complexes were assembled. The DNA atomic coordinates corresponding to the M67 GAS element (5Ј-TTCCCGTAA-3Ј), which was cocrystallized with Stat1, were substituted by the ones for the Fc␥RI GAS element (5Ј-TTCCCAGAA-3Ј), since the latter motif binds Stat5 well, whereas the former does not (data not shown and reference 3). Double-helical B-form DNA corresponding to the M67 and Fc␥RI sequences were built by using the Biopolymer Builder implemented in Sybyl 6.4 (TRIPOS Associates, St. Louis, Mo.).
For building models of two Stat5a dimers bound to DNA, we used B-form double-helical DNAs corresponding to oligonucleotide 928 (5Ј-GTTTCGTGG AATCGTGGCACTATGAACCA-3Ј, which has a spacing of six positions between the GAS motifs [underlined]) or to a modified version of this oligonucleotide in which the spacing was increased to 11, 5Ј-GTTTCGTGGAATCGTagc taGGCACTATGAACCA-3Ј (lowercase nucleotides are those inserted in the 928 sequence). The protein-DNA complex was modeled by using manual docking procedures (Dock module in Sybyl) and minimized until convergence was achieved, as judged by the root mean square of the energy gradient (average derivative of Ͻ0.1 kcal/mol/Å) by using the AMBER force field (38) , implemented in Macromodel 6.0 (24) .
RESULTS

Stat5a
and Stat5b have similar optimal DNA binding preferences. Human Stat5a and Stat5b differ by six amino acids in their DNA-binding domains (shown in Fig. 1B) , which suggested that they might differ in their DNA binding specificities. We therefore used a DNA binding site selection method (29) to investigate this possibility. Human Stat5a and Stat5b proteins were expressed by using a baculovirus expression system and purified from insect cells; the purity of these proteins was evaluated by silver staining ( Fig. 2A ; for lanes 1 and 2, two concentrations of protein were loaded). Western blotting with pan-Stat5-, Stat5a-, and Stat5b-specific antisera confirmed the identities of the proteins (Fig. 2B to D, lanes 1 and 2) . These proteins were constitutively phosphorylated on tyrosine, as shown by Western blotting with PY20 (Fig. 2E, lanes 1 and 2) . Stat5a mutants that cannot form tetramers (W37A) or that are not tyrosine phosphorylated and therefore cannot dimerize or bind DNA (Y694F) were also prepared; these proteins were expressed at a lower purity and concentration ( Fig. 2A , lanes 3 and 4 versus lane 1), so the amount of these preparations added in experiments was increased to adjust for the lower purity of Stat5aW37A and Stat5aY694F proteins. As expected, Stat5aY694F was nonreactive on PY20 blots (Fig. 2E, lane 3) , indicating that this tyrosine residue was phosphorylated in the wild-type Stat5a protein.
Optimal Stat5a and Stat5b binding sites were selected from a pool of double-stranded oligonucleotides, as described in Materials and Methods. After four cycles of selection, the selected oligonucleotide pools were PCR amplified and used as probes in binding reactions with the selecting protein (Fig. 3) . Stat5a formed faster-and slower-migrating complexes with the oligonucleotide pools selected in each cycle (Fig. 3A, lanes 1 to  4) . As expected, neither complex formed with Stat5aY694F (lane 5), which cannot form dimers or bind DNA and, correspondingly, no Stat5a DNA binding activity was detected when the binding site selection was performed with Stat5aY694F protein (lane 6). The faster-migrating complex comigrated with Stat5a dimers, while the slower one comigrated with tetramers (see below). After the fourth round of selection, the faster complex (lane 4) was excised, PCR amplified, cloned, and sequenced. By aligning the sequences of 33 independent clones (Fig. 4) , we established a consensus motif for the binding of Stat5a homodimers: (A/g)(T/A)TTC(C/T)N(G/a)GAA (A/tc)(T/c) (the GAS element is underlined; Fig. 4 shows each of the selected sequences and the derived consensus motif for Stat5a binding). All of the sequences displayed in Fig. 4 are in the same orientation with respect to the flanking sequences. The position of the selected GAS motif within the 26 random nucleotides in R76 therefore appeared to be random, suggesting that the constant flanking sequences did not influence the sites that were selected.
Interestingly, Stat5b formed only one complex with the selected oligonucleotides (Fig. 3B , lanes 2 to 4) that comigrated with the faster one formed by Stat5a (dimer). Alignment of 45 independent oligonucleotide sequences selected by Stat5b (Fig. 5 ) in the fourth cycle of selection (Fig. 3B , lane 4) yielded a consensus for Stat5b dimers of: (A/tg)(T/A)TTC(C/T)(T/ca g)(G/a)GAA(T/A)(T/ca) (the GAS element is underlined; Fig.  5 shows each of the selected sequences and the derived con-sensus motif for Stat5b binding). Thus, both Stat5a and Stat5b homodimers selected similar consensus GAS motifs. Consistent with the recognition by Stat5a and Stat5b of similar GAS motifs, each protein could bind to the oligonucleotide pools selected by the other (data not shown). Interestingly, formation of the faster mobility complex by Stat5b was favored, while the opposite was true for Stat5a. EMSAs performed with GAS elements from different genes (whey acidic protein, ␤-casein, oncostatin M, serine protease inhibitor 2.1, IL-2 response element from murine and human IL-2R␣ genes, Fc␥RI, M67 SIE, and cyclin D2) did not reveal any selectivity for binding of Stat5a versus Stat5b (data not shown). Taken together, our results indicate that homodimers of Stat5a and Stat5b have similar DNA binding specificities.
The amino acids that differ in Stat5a and Stat5b are predicted not to contact DNA. To investigate the positions of the amino acid differences between Stat5a and Stat5b, we performed molecular modeling studies based on the coordinates of the crystal structure of the Stat1 core bound to DNA (7) . As expected based on the structures for Stat1 (7) bound to DNA, Stat5 proteins are predicted to bind DNA as dimers in which the two monomers contact each other only through the phosphotyrosine-SH2 domain interaction and are related by a twofold axis of symmetry which passes through the center of the DNA. Analogous to the situation for Stat1, the major site of protein-DNA interaction appears to be the loop formed by amino acids 470 to 474, which intercalates in the major groove of DNA. Interestingly, the amino acid residues in this loop are identical between Stat5a and Stat5b. Moreover, superimposition of the core models for Stat5a and Stat5b ( Fig.  6 ) predicted that all 18 amino acid differences (see Fig. 1B ) do not contact the DNA. This is consistent with our experimental data indicating that the DNA binding specificities of Stat5a and Stat5b are very similar. Stat5a forms tetramers with oligonucleotides selected in the slower-migrating complex. Since Stat5 proteins can cooperatively bind to tandem GAS motifs as tetramers (15, 23) , we speculated that the slower-migrating complex formed by Stat5a with the selected oligonucleotides ( Fig. 3A) was a tetramer. We therefore cloned the DNAs that were bound to Stat5a in the slower-migrating complex after four cycles of selection (Fig. 3A, lane 4) , sequenced the inserts, and tested 59 independent clones for their abilities to bind Stat5a in EMSAs. The sequences of the 50 oligonucleotides that bound Stat5a tetramers are shown in Fig. 7 ; the other nine selected DNAs either did not bind Stat5a (e.g., oligonucleotide 982; Fig. 8B, lane 17) , or bound only as dimers (e.g., oligonucleotide 939, lane 21) and therefore were not included in Fig. 7 .
Remarkably, only 18 of the 50 tetrameric binding sites contained a consensus TTCN 3 GAA motif (GASc), while all of the others contained a GAS motif with a single nucleotide change from the TTCN 3 GAA consensus (GASn). In addition to the GASc or GASn motif present in all 50 binding sites (Fig. 7 , open boxes, on the left), the most striking feature, found in 33 of the sequences, was the presence of either a TTC or GAA half-GAS motif at a distance of Ն5 bp (e.g., oligonucleotides 978, 972, and 915) away from the GAS motif. This spacing is presumably the minimal distance for stable tetramer formation (reference 36 and see also Discussion). Notably, the majority of the TTC half-sites were located at a 6-bp distance downstream from the GASc or GASn (e.g., 972, 924, r926, and r957), while most of the GAA half-sites were located 12 bp apart from the GASc or GASn (e.g., oligonucleotides r944, 915, r916, and 941). Such a spacing is consistent with the GAA being 6 bp downstream of the TTC in consensus TTCN 3 GAA GAS motifs. These observations led us to speculate that a second, more-divergent GAS motif spaced 6 bp from a moreconserved one (GASc or GASn) was responsible for the binding of one of the two dimers of Stat5a in the tetrameric complex. These putative divergent GAS motifs are shown in shaded boxes in Fig. 7 . For two of the binding sites (oligonucleotides 936 and 978) such an element was located at an inter-GAS spacing of 5 bp, while for seven sites (oligonucleotides 934, 918, 921, 960, 909, 905, and 920) a spacing of 7 bp was seen. Interestingly, there was greater divergence in such accessory sites when the sequence contained a GASc rather than a GASn motif (compare the nucleotides in the shaded boxes for the upper 18 sequences to the middle 25 sequences). Many of the binding sites which did not contain a half-GAS motif had four of six of the key nucleotides in GAS motifs (e.g., oligonucleotides 930, r935, and 923; the conserved nucleotides are in boldface in the shaded boxes). However, certain sequences were more divergent and correspondingly these were typically weak tetramer binding sites (see below). Overall, the nucleotide preferences of the Stat5a tetramer were much less stringent than those found for the Stat5a dimer (Fig. 4) , particularly related to the TTC and GAA sequence of the GAS elements (positions Ϯ2, Ϯ3, and Ϯ4).
Representative EMSAs were performed with selected DNAs and wild-type Stat5a or the tetramerization-defective W37A mutant of Stat5a (15) (Fig. 8A and 5B). As expected, the slower-migrating complexes were formed only with wildtype Stat5a, whereas the faster complexes were detected with both wild-type and W37A mutant Stat5a proteins, indicating that the slower complexes required N-terminal interactions for their formation. Consistent with this conclusion, the slower complexes formed by the selected oligonucleotides comigrated with the complex formed by PRRIII (lane 1), which contains two tandemly linked GAS motifs and is known to bind Stat5a tetramers (15) . Most of the selected sites (top 43 sequences in Fig. 7 ) bound Stat5a with an apparent affinity similar to that seen for PRRIII (e.g., oligonucleotides 915, 965, and 918; Nucleotide requirements for Stat5a tetramer binding. We next sought to determine the nucleotide requirements for formation of tetramers. To directly test the role of the half-GAS sites in the binding of Stat5a tetramers, we mutated them in the context of oligonucleotides 918, 928, and 934 and evaluated these mutants (Fig. 9A, M1 mutants) for binding to Stat5a in EMSAs (Fig. 9B) . The half-GAS sites were necessary for the binding of Stat5a tetramers to each of these oligonucleotides (lanes 5 versus 3, 9 versus 7, and 13 versus 11). Nevertheless, mutation of the half-GAS site in oligonucleotide 928 did not affect its ability to bind Stat5a dimers, indicating that its consensus GAS was sufficient to allow the formation of dimers (lanes 9 and 10) but not of tetramers. Correspondingly, Stat5aW37A dimers bound to either the wild-type or the mutant 928 probes (lanes 8 and 10) . This was not the case for oligonucleotides 918 and 934, which could bind Stat5a only as tetramers (lanes 6 and 14) . The fact that tetramer formation was favored for oligonucleotides 918, 928, and 934 (Fig. 9B,  lanes 3, 7, and 11 ) indicated cooperative binding.
To further elucidate the sequence requirements for tetramer formation, we performed methylation interference assays on oligonucleotides 918 and 928 (Fig. 10) . These studies revealed the importance of the Gs in the "GAA" of the GASc in oligonucleotide 918 (open boxes, positions Ϯ 2; Fig. 10A and D) for binding of Stat5a tetramers. Moreover, strong binding interference was also observed for the G in the half-GAS site (bottom strand, position Ϫ2), as well as for two other Gs in the top strand (positions 0 and ϩ1) and another G in the bottom strand (position ϩ4). Thus, the half-GAS site and these other contacts together may functionally form a "full" nonconsensus binding site (shadowed box).
To compare the nucleotides critical for binding Stat5a tetramers versus dimers, we used oligonucleotide 928, which bound Stat5a mainly as a tetramer and Stat5aW37A only as a dimer (Fig. 9B, lanes 7 and 8) . The tetrameric (Fig. 10B) and dimeric (Fig. 10C ) complexes contacted not only the Gs in the GAA of the consensus GAS (open boxes; positions Ϯ 2 in Fig.  10D ) but also the neighboring G (position ϩ1 in the consensus GAS), a finding in agreement with the preference for this nucleotide observed in the binding site selection analysis (Fig.  4) . However, only the tetramer contacted the G at position ϩ2 on the top strand of the adjacent half-GAS site and the G at position Ϫ2 (relative to this half-GAS site) on the bottom strand. Thus, the half-GAS site and at least one other nucleotide were important for the formation of Stat5a tetramers but not dimers.
We next mutated these nucleotide contacts in the non-consensus GAS motif in oligonucleotides 918 and 928 (see Fig.  10E ) and evaluated their Stat5a binding activity in EMSAs (Fig. 10F) . Mutation of the two Gs at positions 0 and ϩ1 in the top strand and the one at position ϩ4 in the bottom strand of oligonucleotide 918 (mutant 918M2; Fig. 10E ) diminished Stat5a tetramer binding (Fig. 10F, lane 2 versus 1) . Analogously, in oligonucleotide 928, mutation of the G at position Ϫ2 in the bottom strand of the nonconsensus GAS motif (mutant 928M2) diminished tetramer formation without altering dimer formation (lane 4 versus lane 3). This is consistent with the importance of this G for binding Stat5a tetramers but not dimers (Fig. 10D) . Thus, the half-GAS site and the neighboring divergent nucleotides appear to form a nonconsensus GAS As mentioned above, certain binding sites did not contain a half-GAS TTC or GAA sequence but nevertheless efficiently bound Stat5a tetramers. To clarify the basis of binding to these sequences, we introduced mutations in two representative oligonucleotides (946 and 947, Fig. 11A ) to understand which nucleotides were critical for Stat5a tetramer binding. When the putative highly divergent GAS motif (shaded box in Fig. 11A ) in oligonucleotide 946 was altered from CCCGGAGCA to CCgGGAGCA (Fig. 11A) , binding activity of Stat5a tetramers (but not dimers) was decreased (Fig. 11B, lane 8 versus lane 7) . This confirms that a nucleotide located within a region that would not normally be recognized as contributing to Stat5a binding was important for anchoring the tetrameric complex. We also analyzed oligonucleotide 947 in which both GAS motifs are nonconsensus motifs and where the downstream GASn Fig. 3A) . Nine of these DNAs were tested with Stat5a in EMSAs, and each bound Stat5a dimers. Not included in the figure are 10 sequences that lacked canonical GAS motifs, since the five of these that were tested in EMSAs were all proven to be falsely selected sequences that could not bind dimeric Stat5a. All sequences are shown in the same orientation relative to the flanking sequences (top strand). The conserved consensus GAS motif is boxed; its central nucleotide was assigned position zero. The consensus Stat5a binding motif was derived from the nucleotide frequencies in the binding sites in the figure. At each position, the more-favored nucleotides are shown in upper case letters, while less-favored nucleotides are in lower case. Ten of these DNAs were tested in EMSAs and shown to bind Stat5b dimers. Not included are 27 sequences that lacked consensus GAS motifs, since the 12 of these that were tested in EMSAs were found to be falsely selected sequences that could not bind dimeric Stat5b. All sequences are shown in the same orientation relative to the flanking sequences (top strand). The conserved consensus Stat5b binding motif was derived from the nucleotide frequencies in the binding sites in the figure. At each position, the more-favored nucleotides are shown in upper case letters, while less-favored nucleotides are in lower case.
includes the GAG from the constant R76 flanking sequence. Interestingly, each of the four putative half-GAS sites were important for binding of Stat5a tetramers, as shown by the strong reduction in binding shown by mutants 947 M1 to M4 ( Fig. 11A; Fig. 11B , lane 2 versus lane 1 and lanes 4 to 6 versus lane 3). This also confirms that the GAG in the constant flanking sequence was often involved in Stat5a tetramer binding when separated by three nucleotides from a TTC or TAC, as occurred in a number of the selected oligonucleotides ( Fig.  7; e.g., oligonucleotides 917, 906, and 932). This is in contrast to the random positioning of a single GAS motif within the random 26 nucleotides in the Stat5a dimer-selected sequences (Fig. 4) .
A spacing of 6 bp between GAS sites is optimal for tetramer formation. As noted above, many oligonucleotides selected in the slower migrating complex of Stat5a contained a GAS (consensus and/or nonconsensus) motif separated by 6 or 7 bp from an often more divergent motif (Fig. 7) . Since the length of the random sequence of the oligonucleotide pool used in the binding site selection was 26 bp, the maximal distance between two 9-bp GAS elements that we could detect is 8 bp (actually, a slightly greater spacing could have been seen because of the use of the GAG in the 3Ј flanking sequence as an alternate to a GAA half-site in some sequences such as oligonucleotide 947). To overcome this bias, we synthesized a series of mutants of oligonucleotide 928 in which the number of base pairs between the GAS motifs ranged between 1 and 19 ( Fig. 12A) and used them as probes in EMSAs with Stat5a. For a spacing of greater than 6 bp, additional nucleotides were inserted within the six inter-GAS motif nucleotides. Based on methylation interference, there was no evidence that the six inter-GAS residues contributed to tetramer binding (Fig. 10B) , although this possibility is not excluded since methylation interference assays only can evaluate the importance of G and A residues. As shown in Fig. 12B and consistent with the binding site selection analysis, distances less than 6 bp did not allow effi- 3) , while a spacing of 6 bp was optimal (lane 4). Spacing greater than 6 bp showed weaker but visible tetramer formation (lanes 5 to 14). As expected, the variation in the inter-GAS spacing had no effect on dimer binding (lanes 1 to 14) . Interestingly, for two oligonucleotides tested (918 and 934), a spacing of 7 bp was as efficient as a spacing of 6 bp (data not shown). We extended this analysis by comparing a spacing of 6 versus 11 bp for oligonucleotide 918 and for the naturally occurring tandem GAS elements in PRRIII (ref. 15 ; Fig. 12C ). In both cases, a spacing of 6 bp was much more efficient in allowing Stat5a tetramer formation than was a spacing of 11 bp (Fig. 12D, lanes 1 and 3 versus   lanes 2 and 4) . Thus, a spacing of 6 bp (and in some cases also of 7 bp, depending on the nucleotide context) between GAS motifs allowed maximal binding of Stat5a tetramers in vitro. Although the binding site selection identified a few sequences with an inter-GAS spacing of 5 bp, it appears that tetramers are more favored at a spacing of at least 6 bp, possibly due to steric hindrance at a spacing of less than 5 bp. This is consistent with the observation that Stat1 tetramer binding was unstable at a spacing of 5 bp (36). It is possible that optimal binding is seen at a spacing of 6 bp rather than at larger distances due to additional stabilizing interactions that do not occur with a larger spacing (see Discussion). Nevertheless, Stat5 tetramers can form at greater distances. For example, Stat5 tetramers can physiologically interact with an element such as PRRIII (spacing of 11; see reference 15). Fig. 3A) . All of the sequences shown bound Stat5a tetramers in EMSAs. Not shown are nine sequences that were selected but which were unable to bind Stat5 tetramers. Shown are sequences containing a consensus GAS motif (top 18 sequences) or a nonconsensus GAS motif (middle 25 sequences). As noted in the text, the bottom seven sequences bound Stat5a tetramers relatively poorly. The nucleotides in italics correspond to sequences from the nonrandom flanking sequences of R76; these are included as the GAG in the 3Ј flank was shown in Fig. 11 to be important for tetrameric Stat5a binding to oligonucleotide 947. Note that this GAG was often 3 bp downstream of a TTC, thus forming nonconsensus GAS motifs. On the right are sequence identifiers. Those containing sequences with GASc motifs are in boldface. An "r" before a sequence identifier indicates that the bottom rather than top strand is shown to align the GASc or GASn shown in the open box 5Ј to the more-divergent sequence shown in the shaded boxes. Underlined numbers refer to sequences that were evaluated by EMSA in Fig. 8 . Superscripted "E" and ‫"ء"‬ symbols refer to sequences with spacings of 5 and 7 bp between the boxed regions, respectively. The ability of the tetramer-selected sequences to bind Stat5a as a dimer is indicated. and 5Ј-TTCCTGGAAATGGATATTAGTACCCC-3Ј, respectively). In each oligonucleotide, the consensus GAS motif is underlined with the TTC and GAA shown in boldface; a 9-bp segment downstream which could represent a second divergent GAS motif is also underlined. In each case, the similarity of these putative GAS motifs is remote, as indicated by the nucleotides in boldface. Accordingly, neither of these sequences bound Stat5a tetramers (panel B, lanes 17 and 21). The sequence of the PRRIII oligonucleotide is 5Ј-TCTTCTAGGA AGTACCAAACATTTCTGATAATA-3Ј. All of the oligonucleotides also included 15 constant nucleotides both 5Ј and 3Ј to facilitate labeling by PCR (see Materials and Methods).
DISCUSSION
ate both overlapping and distinct functions. For this reason and because of the amino acid differences in the Stat5a and Stat5b DNA binding domains, we had anticipated that we might identify differences in the preferred binding sites for homodimers of these two proteins. However, we found similar optimal binding sites for human Stat5a and Stat5b homodimers (Fig. 4 and 5) . Thus, our data do not provide a basis for the different roles of these STATs based on differences in DNA binding specificity of Stat5a versus Stat5b homodimers. The similarity in the optimal binding sites for Stat5a and Stat5b is consistent with the prediction that the amino acids that differ in these proteins do not contact DNA, as indicated by our modeling studies of the Stat5a versus Stat5b cores (Fig. 6) . However, since the motifs that we have defined represent optimal binding sites, it is possible that lower-affinity sites that are selective for Stat5a versus Stat5b binding might exist. The presence of a glycine at residue 433 in murine Stat5b versus a glutamic acid in Stat5a has been reported to confer distinct DNA binding specificities (6) . However, all published human Stat5a and Stat5b proteins have a Glu at this position (12, 19, 31) , suggesting that the Gly versus Glu results are not relevant to potential binding differences between human Stat5a and Stat5b. Furthermore, Gly 433 in murine Stat5b (20) was Glu 433 in the two other murine Stat5b sequences (1, 26) . It is possible, however, that Stat5a and Stat5b could exert different actions based on potential differences (i) in their expression levels in different cellular lineages, (ii) in the efficiency of their respective recruitment and activation in response to different stimuli, (iii) in their abilities to interact with other transcription factors and/or coactivators, or (iv) in their abilities to form tetramers. Indeed, the most striking difference between the Stat5a and Stat5b selections was the absence of a tetrameric complex for Stat5b. This may reflect that Stat5b bound DNA less efficiently than Stat5a (Fig. 3B versus 3A) even though both proteins showed comparable levels of tyrosine phosphorylation (Fig.  2E, lane 2 versus 1) , or that Stat5b is intrinsically less efficient at forming tetramers, as suggested by Verdier et al. (35) . Consistent with this possibility, we reproducibly have observed less Stat5b than Stat5a tetramer DNA binding activity in nuclear extracts prepared by using a 293T cell-based IL-2-induced Stat5 binding reconstitution system (reference 15 and data not shown).
We also established the sequence requirements for the binding of Stat5a tetramers to DNA. We found that there are consensus GAS motifs that do not bind Stat5a except when tandemly linked to a TTC or GAA half-GAS site (Fig. 9) . TTC or GAA half-GAS sites appear to be able to function as part of nonconsensus "full" GAS motifs, since other nucleotides are also important to anchor the tetrameric complex to DNA (e.g., oligonucleotides 918 and 928). This is consistent with the degree of divergence of nonconsensus GAS motifs that were selected (Fig. 7) . Indeed, mutational analysis of oligonucleotide 928, which can bind Stat5a dimers and tetramers, revealed that it was possible to introduce specific mutations that virtually abolished the binding of Stat5a as dimers without affecting its binding as tetramers (Fig. 10) . This diminished nucleotide stringency is presumably allowed by the increased cooperativity of binding fostered by tetramerization. Conversely, we have previously shown that improving the affinity of imperfect GAS motifs can compensate for defective tetramerization of the W37A mutant of Stat5a (15) . Thus, the overall stability of the tetrameric complex is due to DNA-protein as well as to protein-protein interactions.
It was striking that none of the selected sequences contained two consensus GAS motifs even though we have confirmed that sequences containing two consensus GAS motifs can efficiently bind Stat5 tetramers (reference 15 and data not shown). We hypothesize that the fact that such sequences were not identified reflects the large range of tandem imperfect GAS-like sequences that can bind, in accord with considerable flexibility in the binding motifs for tetramers, and that such sequences would be identified if a sufficiently large number of tetrameric binding sites were sequenced.
For the binding of Stat5a tetramers, an inter-GAS spacing of less than 5 bp was not favored and a spacing of 6 bp appeared optimal. Presumably, this reflects steric interference that occurs at short distances. Although the random oligonucleotide used in the binding site selection could allow one to observe a larger spacing (up to 8 bp within the random core and up to 11 bp if one allows for the utilization of the GAG in the 3Ј flank as an acceptable 3Ј end of a GAS motif), spacing above 7 bp was not seen. The only exception to this may be oligonucleotide r944 which has a TTC at a spacing of 15 bp but which also has a TTTN 3 GAA motif at the typical spacing of 6 (Fig. 7) .
To further understand Stat5a binding as a tetramer, we used our model of the Stat5a core dimer bound to DNA (based on the Stat1 structure; see Methods) to build a model which could accommodate the independent binding of two core dimers of Stat5a to oligonucleotide 928 in which the GAS motifs are 6 bp apart. In this model, the two Stat5a dimer cores were positioned at a distance so that they could potentially form contacts. If proven to be correct, this predicted protein-protein interaction could further stabilize the tetrameric complex, providing a molecular basis for the efficient tetramerization observed at a spacing of approximately 6 bp and potentially decreasing the stringency for nucleotide requirements in the DNA. In contrast, at a spacing of 11 bp the distance between the two adjacent Stat5a core dimers was predicted to be large enough so that these additional interactions could not occur, lowering the predicted stability of the complex. The relevance of the optimal binding of Stat5 to GAS elements 6 or 7 bp apart observed in vitro for Stat5-driven transcription has not been fully elucidated. A single copy of oligonucleotide 918 or 928 linked to a minimal cytomegalovirus promoter could drive transcription of the luciferase reporter gene in a Stat5-dependent manner in response to IL-2 in a 293T cell reconstitution system (data not shown), showing that a Stat5 tetramer bound to these elements is transcriptionally active. We also compared the activity of a 928 reporter oligonucleotide (spacing of 6 bp) to one with a spacing of 11 bp. Although transfection of a Stat5 expression vector resulted in significantly higher activity of the former construct (spacing of 6 bp) than the latter construct (spacing of 11 bp), the basal activity of the former construct was also higher, so that the fold induction at the two different spacings was similar. We hypothesize that the higher basal level at a spacing of 6 bp may result from the presence of low levels of endogenous activated Stat5 in 293T cells; thus, the similar fold induction but higher absolute level of the construct with a spacing of 6 bp might have been predicted. It is interesting that transcription of the serine protease inhibitor 2.1 (Spi2.1) gene has been shown to depend on the cooperative binding of Stat5 to a consensus and a nonconsensus GAS elements 6 bp apart (5; see Fig. 13 for the sequence). Nonconsensus GAS motifs 6 or 7 bp apart from a consensus GAS are present in other Stat5-responsive genes (Fig. 13) . Whether Stat5 binds to these sequences as tetramers and whether this is important for the transcriptional regulation of these genes awaits direct testing. Interestingly, formation of a tetrameric Stat5 complex is essential for the IL-2-inducible activation of PRRIII (15) , which has a natural spacing of 11 bp between its GAS motifs. In PRRIII, the sequences flanking the GAS motifs bind important accessory factors that are critical for maximal transcriptional activation. This is in accord with transcriptional activation of eukaryotic genes involving the assembly of multiprotein complexes which, at least in some cases, requires a highly specific three-dimensional architecture (33) . In this regard, in the context of the murine IL-2R␣ gene, while increasing the naturally occurring inter-GAS spacing from 11 to 16 bp strongly reduced the IL-2-driven transcription, increasing it to 21 bp fully maintained its transcriptional activity (23) . These results might be explained by the very different three-dimensional structures formed by Stat5 tetramers that are bound to GAS elements spaced so that the two dimers are on opposite sides of the DNA (inter-GAS spacing of 6 bp; the same relative orientation as at a 16-bp spacing) versus the structure in which Stat5 dimers are bound on the same side of the DNA (inter-GAS spacing of 11 bp; same as at a 21-bp spacing).
Interestingly, the consensus GAS motifs selected by Stat5a and Stat5b dimers are relatively similar to those reported for Stat1, Stat3, and Stat4 (11, 39) , although in each of these cases the core GAS motif was TTCCSGGAA, while it was TTC YNRGAA for both Stat5a and Stat5b. Because these analyses were performed in different labs, it is unclear whether these differences correspond to distinct binding specificities or simply reflect differences in the stringency of selection. However, all of these differ from the optimal site selected by Stat6 (TT CNTNGGAA [reference 30 and data not shown]), which has a spacing of four nucleotides rather than three between the two half-GAS motifs (30) . Optimal sites for tetrameric binding of Stat1, Stat3, Stat4, and Stat6 have not been reported and therefore a comparison of tetrameric STAT binding is not yet possible. However, presumably differences in affinity and specificity for different STATs may help to determine the cytokines which can activate the transcription of specific target genes.
In conclusion, our data indicate that the repertoire of potential binding sites for Stat5a is broader than expected, a finding likely to be relevant to other STATs. It is possible that different spacing of GAS motifs may also influence the degree of STAT-mediated DNA bending, which could also influence the potency of STAT-induced transcriptional activation of target genes. The existence of naturally occurring suboptimal GAS sites and variable spacing between them may represent strategies that allow greater specificity by requiring cooperative binding of STAT oligomers. In turn, this could also influence Fig. 7 . The numbers in parentheses are the references from which the sequences were derived; for porcine ␤-casein, a GenBank accession number is shown. the ability of STAT proteins to interact with other components of the transcription machinery.
